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Fourier-transform ion cyclotron mass
spectrometry
Arctic Oceana b s t r a c t
Marine organic matter (OM) sinks from surface water to the seafloor via the biological pump. Benthic
communities, which use this sedimented OM as an energy and carbon source, produce dissolved OM
(DOM) in the process of degradation, enriching the sediment pore water with fresh DOM compounds.
In the oligotrophic deep Arctic basin, particle flux is low but highly seasonal. We hypothesized that
the molecular signal of freshly deposited, primary produced OM would be detectable in surface sediment
pore water, which should differ in DOM composition from bottom water and deeper sediment pore
water. The study focused on (i) the molecular composition of the DOM in sediment pore water of the deep
Eurasian Arctic basins, (ii) the signal of marine vs. terrigenous DOM represented by different compounds
preserved in the pore water and (iii) the relationship between Arctic Ocean ice cover and DOM compo-
sition. Composition based on mass spectrometric information, obtained via 15 T Fourier transform ion
cyclotron resonance mass spectrometry, was correlated with environmental parameters with partial least
square analysis. The fresh marine detrital OM signal from surface water was limited to pore water from
<5 cm sediment depth. The productive ice margin stations showed a higher abundance of peptide, unsat-
urated aliphatic and saturated fatty acid molecular formulae, indicative of recent phytodetritus deposi-
tion, than the multiyear ice-covered stations, which had a stronger aromatic signal. The study
contributes to the understanding of the coupling between Arctic Ocean productivity and its depositional
regime, and how it may be altered in response to sea ice retreat and increasing river runoff.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Dissolved organic matter (DOM) dynamics in the deep ocean
are rather poorly constrained, despite the relevance of this large
global carbon reservoir of 700 Pg (Houghton, 2007). An unknown
fraction of the ocean DOM originates from deposited marine par-
ticulate OM, which is produced in surface water and sinks to the
seafloor via the biological pump. At the seafloor, this deposited
OM is recycled by benthic animals and microorganisms on time-
scales of weeks to months (Moodley et al., 2002; Witte et al.,
2003). In the process of degradation, ca. 80% of the organic carbon
(OC) is channeled into benthic respiration (Rowe and Deming,
1985; Deming and Yager, 1992), but a significant proportion ishydrolyzed to DOM by extracellular digestive enzymes and the
exudation of metabolites. Some smaller monomers such as fatty
acids, sugars and amino acids are readily used by benthic microbial
communities, leaving behind more recalcitrant organic compounds
in the pore water. Part of this DOM, which represents an OC source
comparable in magnitude to riverine input, is transported to the
overlying bottom water and is mixed into the global ocean DOM
pool, while another fraction diffuses to deeper sediment layers,
delivering substrates to subsurface microbial communities
(Burdige and Komada, 2015 and references therein).
The Arctic Ocean is one of the most oligotrophic seas on Earth,
due to the limited availability of light for primary production for
most of the season (Anderson and Dryssen, 1990). The flux of
particulate OC (POC) in the central Arctic is low (ca. 2000
mmol C/m2/yr; Lalande et al., 2014), with the lowest values in
the 100% ice-covered basins (100–400 mmol C/m2/yr; Lalande
et al., 2014), compared with the areas along the ice margin
(1000–3500 mmol C/m2/yr; Lalande et al., 2014). As in other
42 P.E. Rossel et al. / Organic Geochemistry 97 (2016) 41–52oligotrophic seas, OM flux via sedimentation is the major force
controlling the structure and activity of benthic communities in
the Arctic (Boetius and Damm, 1998; Klages et al., 2004;
Bienhold et al., 2012; Jacob et al., 2013; Ke˛dra et al., 2015).
Recently, in 2012, the sedimentation of large amounts of ice algae
has been observed in the eastern central basins of the Arctic Ocean
as a consequence of the record sea ice melt in summer 2012,
representing a carbon deposition of 750 mmol C/m2 within
1–2 months to a depth of 4000 m (Boetius et al., 2013).
Global warming is expected to further reduce Arctic ice cover,
which – based on model predictions – may increase primary pro-
duction, due to the effect of greater light availability (Walsh
et al., 2005; Arrigo et al., 2008). However, in the long run, primary
productivity may also decrease due to an increase in ocean
stratification and a subsequent decline in nutrient availability
(Wassmann et al., 2010; Zhang et al., 2010; Fernández-Méndez
et al., 2015). With regard to the prediction that the Arctic Ocean
will be ice-free in around 20–50 years from now (Wang and
Overland, 2009), our understanding of it and how the system will
respond to this environmental variation is limited, and baseline
data are largely missing.
The input of particulate OM (POM) and subsequent diagenesis
modulate the spatial distribution and composition of pore water
DOM (Skoog and Benner, 1997; Amon et al., 2001). A detailed over-
view of the DOM molecular composition in sediment pore water
has been achieved using ultra high resolution mass spectrometry
via Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) which, in contrast to traditional biomarker techniques
(e.g. lignin phenol analysis), allows working with small sample vol-
umes (30–50 ml; Schmidt et al., 2009; Seidel et al., 2014). It pri-
marily addresses the component of DOM that cannot be resolved
with conventional chromatographic separation techniques, and
as such provides molecular fingerprints of DOM in previously
unrepresented detail. As with any analytical technique, it has a
defined analytical window and colloidal matter and low molecularFig. 1. Bathymetric map of the Arctic Ocean, indicating sampling stations in the Amunds
time of sampling in September 2012 (redrawn from www.meereisportal.de). White dash
meereisportal.de), exceeding the map extract in the northern parts. Color of the dots ind
(0–1 cm in lg/ml sediment), as indicated on the color bar to the left. (For interpretation of
of this article.)weight (MW) monomeric compounds are not fully recovered. In
this study we have used it in order to characterize the DOMmolec-
ular composition of sediment pore water from the ice-covered
eastern central basins of the Arctic Ocean. We hypothesized that
the signal of the past season’s primary production transferred to
the sediment via the biological pump would be restricted to the
surface sediment pore water. Furthermore, spatial patterns of
DOM molecular signatures were evaluated in relation to environ-
mental parameters, with a focus on (i) the molecular composition
of the DOM in sediment pore water of Eurasian Arctic basins, (ii)
the signal of fresh marine vs. terrigenous DOM in the sediment
pore water and (iii) the relationship between ice cover and the
DOM molecular composition.2. Material and methods
2.1. Sampling sites and sample description
During the RV Polarstern cruise ARK-XXVII/3 to the Arctic
Ocean in summer 2012, sea ice declined to a record minimum
(Perovich et al., 2012) from an avg. of ca. 6.3 Mio km2 between
1981 and 2010 to 3.3 Mio km2 in 2012, based on sea ice remote
sensing data (Spreen et al., 2008; www.meereisportal.de, checked
on 4.04.2014). Bottom water and sediment pore water samples
were collected with a TV guided multicorer at stations in the Nan-
sen and Amundsen basins, between 83–89N and 18–130E (Fig. 1,
Table 1). Stations 2–4 were south of 84N, closer to the ice margin
and characterized by first year sea ice (FYI), while stations 6–9
were north of 84N below a sea ice cover of multiyear (MYI) and
first year ice, which showed signs of surface and bottom melt
(Boetius et al., 2013). During the expedition, seafloor deposits of
sea-ice algal aggregates were observed at 3500–4400 m water
depth, with the freshest deposits at the stations below multiyear
ice cover (Boetius et al., 2013).en and Nansen basins. White line indicates monthly average of sea ice extent at the
ed line indicates maximum sea ice extent as monthly average in March 2012 (www.
icates concentration of chloroplastic pigment equivalent (CPE) in surface sediments
the references to color in this figure legend, the reader is referred to the web version
Table 1
General information on samples. Stations 2, 3 and 4 are close to the ice edge and continental margin covered by FYI, while 6, 7, 8 and 9 are in the deep basins associated with strongly melted MYI (values separated by semicolon
represent replicates).












Ice-2, 3446 m (15-08-12) 8357.030N, 7648.310E 80 0–1 1;2 197;172 26;23 0.24 17 1.19 1.43
1–5 3;4 111;94 20;20 0.04 6 0.70 0.75
1.2–2.0c 5–10 5;6 108;90 18;23 0.02 6 0.35 0.37
Bw.d 7;8 77;73 19;20 134
Ice-3, 3591 m (21-08-12) 8254.010N, 10948.780E 70 0–1 9;10 346;242 32;30 0.21 22 0.76 0.97
1–5 11;12 105;67 21;18 0.04 13 0.24 0.28
0.7–1.2c 5–10 13;14 74;78 19;21 0.02 12 0.13 0.14
Bw.d 15;16 73;89 18;17 265
Ice-4, 4166 m (25-08-12) 8253.490N, 12957.540E 80 0–1 17,18 199;114 48;25 0.22 22 0.80 1.02
1–5 19;20 147;93 23;25 0.03 9 0.31 0.34
0.7–0.9c 5–10 21;22 49;51 20;18 0.01 9 0.14 0.15
Bw.d 23;24 80;124 19;22 68
Ice-6, 4354 m (08-09-12) 8505.1540N, 12229.430E 50 0–1 29;30 81;102 19;19 0.07 14 0.42 0.49
1–5 31;32 46;50 15;18 0.02 11 0.16 0.18








Ice-7, 4383 m (19-09-12) 8755.920N, 612.5720E 100 0–1 39;40 xe;124 xe;24 0.08 14 0.50 0.58
1–5 41,42 82;53 22;16 0.02 7 0.19 0.21
1.2–1.8c 5–10 43;44 103;83 18;20 0.005 2 0.19 0.20
Bw.d 45;46 97,123 20;44 18
Ice-8, 4373 m (23-09-12) 8849.220N, 5813.590E 100 0–1 47;48 139;172 23;25 0.12 14 0.69 0.81
1.1–1.8c 1–5 49;50 85;81 19;19 0.02 8 0.21 0.23
5–10 51;52 81;81 17;28 0.01 5 0.12 0.13
Bw.d 53;54 73;84 17;47 95
Ice-9, 4024 m (30-09-12) 8420.7390N, 1748.180E 95 1.09f 0–1 55;56 172;148 26;25 0.05 7 0.71 0.76
1–5 57;58 110;120 21;26 0.02 2 0.67 0.68
5–10 59;60 106;122 21;24 0.01 1 0.71 0.71
Bw.d 61;62 214;177 33;27 44.39
a Bottom water underlying sediment cores used for DOC efflux calculations.
b Pigment analysis performed on cores from multicorer hauls different from the one used for pore water extraction but from the same station.
c Sea ice cover and ice thickness from Boetius et al. (2013).
d Bw, bottom water.
e x, sample contaminated but did not affect the signal in the extract.
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0 C cold room, overlying bottom water was carefully collected
from undisturbed cores. Sediment pore water was collected into
50 ml Sarstedt vials through rhizons (pore size 0.15 lm CSS, Rhizo-
sphere Research Products,) using syringes without rubber on the
piston at 0–1, 1–5 and 5–10 cm sediment depth. Up to 4 parallel
cores were sampled at each station in order to obtain volumes of
at least 50 ml per sediment depth (Table 1). Two pseudo replicates,
prepared with the same pore water mixture collected from the
cores at each depth, were analyzed separately in order to evaluate
sampling variability and potential contamination during sample
handling. All material had been rinsed with Milli-Q water and
Milli-Q blanks were also prepared. Prior to analysis, all samples
were stored at 20 C. Data were submitted to the earth system
database PANGAEA (Rossel et al., 2015a).
2.2. Pigment analysis
Samples for chlorophyll (chl) pigments, measured as a proxy for
phytodetritus input to the seafloor, were retrieved from replicate
multicorer cores from the same stations and were extracted from
1 ml sediment with 8 ml Me2CO (90%). Glass beads were added
and samples ground in a cell mill (Boetius and Damm, 1998). After
centrifugation, the concentrations of chl a and phaeopigments in
the supernatant (after addition of 250 ll HCl) were determined
using fluorometric measurement with a Turner Trilogy fluorome-
ter. The sum of chl a and phaeopigments is expressed as chloro-
plast pigment equivalent (CPE; Thiel, 1982). The ratio of chl a to
CPE is expressed as a proportion (%) and provides an indication
of the freshness of phytodetrital material.
2.3. DOM extraction, and dissolved OC (DOC) and total dissolved
nitrogen (TDN) concentrations
Pore water samples were acidified with HCl (25% Carl Roth,
Germany) to pH 2 and the OM was extracted with 100 mg styrene
divinyl benzene polymer columns (Varian PPL) previously rinsed
with MeOH (HPLC grade; Sigma–Aldrich, USA). The columns were
then rinsed several times with ultrapure water at pH 2 to remove
the salt from the cartridges, a procedure which is a prerequisite for
MS analysis (Dittmar et al., 2008). Before DOM elution, the
columns were dried under a stream of ultrapure N2 and the solid
phase-extracted (SPE)-DOM was eluted with 1 ml MeOH.
SPE-DOM samples were stored at 20 C until MS analysis.
Additionally, 1 ml aliquots of each acidified pore water sample
were used for analysis of DOC and TDN performed by hand
injection via catalytic oxidation at high temperature with a
TOC-VCPH Shimadzu instrument (Stubbins and Dittmar, 2012).
To evaluate the accuracy of the pore water analysis, deep sea water
material from the Consensus Reference Material Project (CRM;
http://yyy.rsmas.miami.edu/groups/biogeochem/Table 1.htm) was
also analyzed and was better than 5%.
2.4. DOC efflux from pore water gradients
DOC efflux from the sediment (Jdiff) was calculated on the basis
of Fick’s first law of diffusion according to: Jdiff = Dsw  dC/dZ,
where Jdiff = diffusive flux (mmol/m2/d), Dsw = diffusion coefficient
in seawater (m2/s) corrected for temperature (Iversen and
Jorgensen, 1993) and dC/dZ = concentration gradient between the
bottom water and a diffusive boundary layer of 1 mm according
to in situ O2 consumption profiles (Felden andWenzhöfer, personal
communication). For this, DOC concentration was obtained from
overlying bottom water collected above the cores (Table 1). The
relationship between diffusion coefficient and MW proposed by
Burdige et al. (1992) was used to replace Dsw with D in the Jdiffequation above according to: Log D = 1.72–0.39  log MWwa,
where wa is the intensity-weighted average obtained from the
FT-ICR-MS analysis of the SPE-DOM from each sample. It is neces-
sary to keep in mind that the MWwa used is only indicative of those
compounds amenable to electrospray ionization (Section 2.5). In
order to constrain the time (t) for an avg. DOM molecule observed
in our analytical window to diffuse into the sediment, we used the
equation t = L2/2D (Jorgensen, 2006), where L is the distance (cm)
and D is the diffusion coefficient (avg. from all stations) calculated
after correction for porosity (ø) according to D = D/1  LN(ø2).
Although this is a rough estimation, it provides an avg. diffusion
time for the length of the sediment column (sediment depth) at
which the signal from recent phytodetritus deposits is observed.
2.5. Molecular analysis of DOM via FT-ICR-MS
DOM molecular analysis was performed with a Solarix FT-ICR-
MS instrument equipped with a 15 T superconducting magnet
(Bruker Daltonic). SPE-DOM aliquots were analyzed with an elec-
trospray ionization source (Bruker Apollo II) in negative ion mode
after dilution in 1:1 MeOH: ultrapure water to a final DOC concen-
tration of 15–20 mg C/l, assuming extraction efficiency around 50%
(due to limited volumes, SPE extracts were not analyzed for DOC
concentration; Schmidt et al., 2009). Samples were infused at
120 ll/h using an ion accumulation of 0.4 s and a capillary voltage
of 4 kV. Sample spectra were obtained after 600 individual scans.
External and internal calibration were performed based on the
arginine cluster and based on a list of >50 mass peaks of known
formulae in the samples, respectively. Formula calculation for all
samples was performed using an in-house Matlab (2010) routine
that searches, with an error of <0.5 ppm, for all potential combina-
tions of C, H, O, N, S and P. Calculation of formulae was performed
for peaks with a signal to noise ratio (S/N)P 4. Peaks in the Milli-Q
water blanks were only retained in the data set if S/N was <20. The
remaining peaks (9693) were used for formula calculation, includ-
ing the elements C1, O1, H1, N 6 4; S 6 2 and P 6 1. In order to
remove double assignments of formulae to the same mass, CH2
homologous series extended to lower mass range were considered
correct and the combination of the elements NSP, N2S, N3S, N4S,
N2P, N3P, N4P, NS2, N2S2, N3S2, N4S2, S2P was not allowed. With this
procedure, 5951 formulae were obtained for the whole data set,
not considering isotopologues. Structural information was
obtained from the aromaticity index (AImod; Koch and Dittmar,
2006, after correction by Koch and Dittmar, 2016) and the double
bond equivalent (DBE, McLafferty and Turecek, 1994). Avg. values
for DBE and AImod, as well as H/C and O/C elemental ratios were
also calculated considering the intensity of the formulae peak in
each sample (H/Cwa, O/Cwa, DBEwa and AImodwa).
In order to provide an overview of the formulae distribution and
the potential compound groups present in pore water, molecular
formulae were additionally associated with different molecular
categories (Table 2). We used this approach because 66% of the
DOM has so far been identified to the molecular level (Hedges
et al., 2000; Dittmar and Stubbins, 2014). Furthermore, known
molecular groups such as peptides, lignin phenols and tannins
have specific element compositions, and can therefore be located
in specific regions of the Van Krevelen diagram (VKD; e.g. Kim
et al., 2003). Elemental ratios, heteroatom composition (N, S and
P) and AImod were used to define these molecular categories. It
is important to note that the classification of formulae within these
categories does not necessarily indicate the presence of a specific
structure or functional group; it only indicates that the formula
is identical with a known molecule, although the structure may
be different (e.g. Seidel et al., 2014). Furthermore, peptides in a
strict sense should contain at least two Ns (dipeptides) but for sim-

































































































































































































































































































































































































P.E. Rossel et al. / Organic Geochemistry 97 (2016) 41–52 45with one N but which are within the range of the H/C and O/C ratio
of peptide groups (Kim et al., 2003; Table 2).2.6. Statistical analysis
A conservative approach was used, where the minimum num-
ber of formulae detected in the whole data set was used as a top
limit for each pore water sample, so only the 2316 most intense
formulae for each sample were kept for further data normalization.
For the normalization we defined a standardized detection limit
according to published rules (Stubbins et al., 2014; Rossel et al.,
2015b). After normalization and standardization of peak intensity,
data were reduced from 5951 to 3707 formulae, the latter used for
multivariate statistical analysis. Partial least square analysis (PLS;
Unscrambler X v10.2 from Camo Software) considered the environ-
mental data and the formulae along with their relative abundances
in each sample, thereby allowing identification of formulae that
were more strongly related to the environmental factors evaluated.
In order to remove variability caused by different units, all environ-
mental data were divided by their standard deviation prior to PLS
analysis. PLS is especially suited for the analysis of FT-ICR-MS data,
because the number of factors (several thousand formulae) can be
much larger than the number of observations (samples; e.g. Tobias,
1995). It allows inclusion of environmental factors that may covary
(e.g. Liu, 2011). The result of the PLS analysis is represented by
scores and loadings, the latter for both the environmental (X load-
ings) and molecular data (Y loadings), so it provides a representa-
tion of a linear model relationship for samples (scores) and
variables (loadings). Furthermore, molecular categories and calcu-
lated intensity-weighted ratios and indexes were also passively
shown in the PLS model, so they do not influence it but their loca-
tion in the model provides a better visualization of their correlation
with other variables.
In order to visualize the formulae in Arctic pore water DOM
samples that are better explained by the environmental factors
variability, VKD with H/C ratio and O/C ratio using the PLS molec-
ular loadings (Y loadings) in the z axis are presented. The formulae
that contributed mainly to the positive and negative loadings of
the most significant factors in the PLS analysis are discussed on
the basis of significance levels. These are defined by values above
or below a specific threshold for both loadings and H/C elemental
ratio, the latter with values >1.5 displaying molecular groups asso-
ciated with fresh OM (e.g. peptides) and <1.5 products of conden-
sation reactions (e.g. Kim et al., 2003). For example, factor 1 >0.25
or <0.25 for positive (warm colors) or negative (cold colors) load-
ings and H/C >1.5 or <1.5 provides four possible combinations
(loading >0.25 with either H/C >1.5 or H/C <1.5 and loading
<0.25 with either H/C >1.5 or H/C <1.5). However, only signifi-
cance levels are discussed if the combination displays a molecular
category such as in Fig. 2 (see definition of molecular categories,
Table 2).3. Results and discussion
3.1. Pigment, pore water DOC and TDN concentrations
Chl a values were highest in surface sediments for all stations
and higher at the ice margin stations (avg. at 0–1 cm
0.23 ± 0.02 lg/ml) than at the multiyear ice stations (avg. at 0–
1 cm 0.08 ± 0.03 lg/ml). This difference in phytodetritus pigment
accumulation between stations was also observed at deeper sedi-
ment depth (1–5 and 5–10 cm; Table 1). Similarly, phaeopigment
concentration at the surface sediment was also higher at the ice
margin (avg. 0.92 ± 0.24 lg/ml) than at multiyear ice stations
(avg. 0.58 ± 0.14 lg/ml). Also, the proportion of chl a in surface
Fig. 2. VKD of H/C and O/C with different molecular categories. Formulae associated
with the different molecular categories present in the whole data set. For definition
of black carbon, polyphenols, highly unsaturated, unsaturated aliphatics, saturated
fatty acids, sugars and peptides see the details in material and methods and Table 2.
46 P.E. Rossel et al. / Organic Geochemistry 97 (2016) 41–52sediments to chloroplast pigment equivalent CPE was higher at the
ice margin (avg. 20.1 ± 2.7%) than at the multiyear ice stations (avg.
12.1 ± 3.7%). However, the variation indicating the deposition of
freshly sedimented phytodetritus (e.g. within the same year) was
not observed at deeper sediment depths. The observed ratios were
higher than for previous measurements at similar water depth
(Boetius and Damm, 1998). These variations indicate differences
in both the quantity and quality of phytodetritus sedimentation,
showing a higher recent productivity in the ice margin area. A sim-
ilar decrease in chl a and CPE with increasing distance from the ice
edge has been reported for sediments from the Fram Strait
(Schewe and Soltwedel, 2003). According to pigment distribution
with sediment depth, at the ice margin stations CPE decreasedFig. 3. DOC in relation to molecular groups and indexes evaluated in pore water samples
and pigments (Chl a, phaeopigments and CPE), (b) DOC and number of formulae in the mo
DOC and H/Cwa and O/Cwa and (d) DOC and DBEwa and AImodwa are indicated by their cfrom 1.14 ± 0.25 lg/ml to 0.46 and 0.22 lg/ml at 1–5 cm and 5–
10 cm, respectively, while at the multiyear ice stations a decrease
from 0.66 ± 0.15 lg/ml to 0.33 and 0.29 lg/ml was observed. Thus
in both areas, CPE decreased one fold within the first 5 cm, to
remain constant at multiyear ice stations, while at the ice margin
it decreased two fold of surface values at 10 cm sediment depth.
This trend is in agreement with the idea that OM in the sediment
reaches an asymptotic value ca. 20% of surface OM concentration,
which represents mainly refractory material (Emerson and
Hedges, 1988). The strong decrease in CPE over the upper 5 cm
suggests that bioturbation is restricted to the uppermost sediment
horizons and is generally low, as reported for the bottom of the
Laptev Sea slope (Boetius and Damm, 1998), and is in line with
the low macrofauna density in the area (Degen et al., 2015).
DOC concentration in pore water also displayed a general
decrease from surface to deeper sediment depth (Fig. S1a). Differ-
ences in DOC concentration among stations (Fig. S1a, Table 1) were
observed only for surface sediment pore water, where it was
higher at the ice margin (avg. 212 ± 78 lmol/l) than at the multi-
year ice stations (avg. 134 ± 34 lmol/l). Previous DOC concentra-
tion values reported by Hulth et al. (1996) for surface sediment
pore water from depths between 2000 and 2600 m for an area in
Fram Strait close to Svalbard, varied between 1770 and
6470 lmol/l, an order of magnitude higher than the values here.
Although these depths are much shallower than for our sampling
sites, this observation is in agreement with the substantially lower
productivity in the central Arctic (<80 mmol C/m2/yr) than in shelf
areas (>2500 mmol C/m2/yr; e.g. Gosselin et al., 1997;
Romankevich and Vetrov, 2001; Anderson et al., 2003; Sakshaug,
2004; Wassmann et al., 2010).
Like DOC, TDN concentration in surface sediment pore water
was higher at the ice margin (avg. 31 ± 9 lmol/l) than at the
multiyear ice stations (avg. 23 ± 3 lmol/l; Fig. S1b, Table 1), in. Significant correlations (P < 0.0001) based on model II regressions between (a) DOC
lecular categories of peptides, unsaturated aliphatic-O-rich, sat. fatty acids-CHOx (c)
olor coded correlation line and adjusted R2.
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1996). Hulth et al. (1996) found higher TDN concentration in pore
water at the west than in the east of Svalbard and suggested that
this was probably due to changes in production/import of particu-
late material and ice cover (Rachor, 1992). We suggest here that
the trend also holds for much lower productivity regimes.
Porewater DOC concentration showed a significant positive lin-
ear correlation with chl pigments extracted from sediments, and
the number of formulae in the compound groups related to fresh
OM (Fig. 3a–c; Schmidt et al., 2011; Seidel et al., 2014) and nega-
tive correlations with common indicators of DOM decomposition
(Fig. 3c and d; Seidel et al., 2014). Like DOC, TDN displayed signif-
icant correlation with most of these molecular indicators, except
for phaeopigments, sat. fatty acids-CHOx, H/Cwa and AImodwa (data
not shown). Although FT-ICR-MS coupled to electrospray ioniza-
tion is not a quantitative method due to differences in ionization
efficiency for different compounds, variability in replicate analysis
has been shown to be small and signal intensity has been linearly
related to concentration (Soule et al., 2010; Seidel et al., 2015).
Thus, the use of peak intensity (subscript in our calculations) pro-
vides semiquantitative information for a comparison of samples
analyzed under the same instrumental conditions.
3.2. Bottom water DOM and DOC efflux
The melting event and subsequent sea ice minimum observed
in 2012, when the samples for this study were collected, caused
a large sedimentation of sea ice algae to the seafloor at all stations,
with freshest deposits at the multiyear ice stations, but with a very
patchy distribution of sea ice algae at the seafloor (Boetius et al.,
2013). The sediment samples retrieved for pore water analysis here
were not covered with algal aggregates, so the DOM molecular
composition reflects more the decadal depositional environment
of the central Arctic basins with low marine OM input (Lalande
et al., 2014).
DOC concentration in bottom water siphoned off from above
the cores was generally two- to threefold lower than in surface
sediment pore water at the ice margin stations, while at the mul-
tiyear ice stations values were close to surface sediment concentra-
tion (except for station 8 that was twofold lower). DOC
concentration in bottom water ranged from 71 to 214 lmol/l, with
a maximum at station 9 (Table 1). These values are higher than
reported values from the North Atlantic deep ocean (48 lmol/l,
at ca. 400 m above ground; Hansell and Carlson, 1998) and the
Amundsen and Nansen Basin (54 lmol/l and 50 lmol/l, respec-
tively at ca. 3000 m above ground) collected during a
conductivity-temperature-depth (CTD) cast (Bussmann and
Kattner, 2000). Such a gradient between the bottom water – sedi-
ment interface and the deep water reflects the diffusive boundary
layer above the seafloor (Glud, 2008).
TDN in overlying bottom water varied from 17 to 47 lmol/l,
with higher, although variable concentration at the multiyear ice
stations (avg. 27 ± 12 lmol/l) compared with ice margin stations
(avg. 19 ± 2 lmol/l; Table 1).
In bottom water DOM, a higher abundance of highly unsatu-
rated formulae and lower contribution from those indicative of
fresh OM (peptide, unsaturated aliphatics-O-rich and saturated
fatty acids-CHOx) were observed, compared with surface sediment
pore water samples. The difference was less pronounced at the
multiyear ice stations than at the ice margin. Additionally, in bot-
tom water the intensity-weighted averages of AImodwa and DBEwa
were higher than at the surface sediment, except at station 9 where
the values generally increased from bottom water to deeper sedi-
ment depth. These differences in composition and the overall
increase in the number of m/z peaks from bottom water to surface
sediment (Table S1) may result from higher hydrolytic activity inresponse to fresh OM in surface sediments. Highly unsaturated
compounds and aromatics from degradation of fresh OM appear
to be released to the overlying bottom water.
The average DOC flux between seafloor and overlying water cal-
culated from the DOC gradient at the different stations varied from
44 to 265 mmol/m2/yr, with higher average values of 155 for the
ice margin (range 68–265 mmol/m2/yr) than at the multiyear ice
stations with 22 (range 44 to 95 mmol/m2/yr, Table 1). Negative
values indicate an influx of DOC from bottom water into the sur-
face sediment. The calculated DOC flux values represent a rough
estimate and were at the lower end of values reported from the
eastern Eurasian Basin and adjacent shelves (0–1314 mmol/m2/
yr; Hulthe et al., 1997) and within the range for other deep-sea
sediments (37 to 259 mmol/m2/yr and 66 mmol/m2/yr for Weddell
Sea and Atlantic, respectively; Hulth et al., 1997; Hall et al., 2007).
The calculated DOC efflux (positive values) are equivalent to ca.
0.2–0.9% of the POC export measured for near surface water layers
(160–3300 mmol C/m2/yr for the multiyear and ice margin sta-
tions, respectively; Lalande et al., 2014), similar to proportions
reported in previous investigations of deep-sea sediments (e.g.
DOC efflux from sediments at >2000 m represented 0.25% of the
POC export; Dunne et al., 2007). In comparison, respiration rate
measured at the seafloor of the deep basins covered by 100% sea
ice was 0.3–0.4 mmol O2/m2/day (equivalent to ca. 100–
150 mmol C/m2/yr; Boetius et al., 2013). With a DOC efflux similar
to or lower than the C respiration by benthic life, deposition of ca.
8–22% of surface POC could sustain seafloor communities, which is
a reasonable assumption. Accordingly, the low DOC efflux here is
consistent with the low POC export for the region (Lalande et al.,
2014).
3.3. Molecular fingerprint of pore water DOM and its relationship with
the environment
In the Arctic, at both the ice margin and at the multiyear ice sta-
tions, highly unsaturated formulae contributed 79 ± 11% and
83 ± 7%, polyphenols 1.9 ± 1.3% and 3.6 ± 4.4% and dissolved BC
0.2 ± 0.2% and 0.6 ± 1.2% of the formulae. For comparison, in pore
water from a tidal flat area, highly unsaturated formulae, polyphe-
nols and dissolved BC contributed 58–75%, 12–17% and 2–10% of
the formulae, respectively (Seidel et al., 2014). Thus, the highly
unsaturated formulae contributed more to the Arctic pore water
at both stations than to pore water in coastal areas. Because highly
unsaturated formulae are represented mainly by carboxyl-rich ali-
cyclic molecules (CRAM in the Arctic represents ca. 79% of the
highly unsaturated formulae), known to be a major fraction of
refractory DOM (Hertkorn et al., 2006), thereby indicating active
degradation of OM in sediments of the central Arctic basins.
Regarding molecular indicators of fresh OM input to the sedi-
ments, contributions of <10% of peptide formulae to total N-
containing compounds (Seidel et al., 2014) have been reported.
In the Arctic Ocean, surface sediments (0–1 cm) have a greater con-
tribution of peptides to the total N-containing compounds, with up
to 39.9 ± 18.7% in the ice margin stations and 17.3 ± 6.2% at the
multiyear ice stations. These contributions decrease to 7.1 ± 3.6%
at the ice margin stations and 3.0 ± 2.6% at the multiyear ice sta-
tions at 5–10 cm sediment depth, thereby approaching the values
reported by Seidel et al. (2014). The small contribution of peptides
in previous work is also indicated by a low representation of this
molecular category in the VKD (i.e. no clear pattern in the high
H/C area of the diagram; Seidel et al., 2014). This may indicate that,
although this compound group is associated with fresh input of
OM, part of it may be better preserved in the detrital material of
surface sediments of the Arctic Ocean than in other settings. The
higher contribution of peptide formulae, especially at the ice mar-
gin stations compared with coastal areas does not appear to be
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vs. 0–1 cm here). Combining the signal from 0–10 cm indicates
that ice margin stations could still contribute >10% of peptide for-
mulae to total N-compounds. Furthermore, the diffusion rate is
very low in the clay-rich (Stein et al., 1994; Janssen et al., 2005)
Arctic Ocean sediments, which could promote preservation of this
compound group, in agreement with our results. Regardless of the
processes leading to the greater presence of N-containing com-
pounds in the region, their contribution, especially associated with
peptide formulae, seems to be a characteristic molecular feature of
Arctic pore water DOM compared with coastal areas (Schmidt
et al., 2009; Seidel et al., 2014), coastal anoxic sediments (Jessen,
2015) and deep sea anoxic sediments (Schmidt et al., 2014).
Together with the decrease in peptide formulae, carbohydrates
were almost absent from the Arctic Ocean pore water, in agree-Fig. 4. PLS loadings for pore water samples with factor 1 explaining 51% and 21% of the en
21%. (a) Correlation of environmental and molecular loadings (X and Y loadings) and
(molecular indicators).
Fig. 5. PLS score plots for pore water samples. (a) Chl a, (b) % chl a, as examples of pigmen
by the name of the station (Ice-#). A maximum of five color groups were allowed for eac
that further separation based on the data was not possible.ment with previous studies and with the expected rapid turnover
of these compounds (Robador et al., 2010; Seidel et al., 2014).
In order to better understand the role of the environment for
pore water DOM composition of the Arctic Ocean sediments, par-
tial least square (PLS) analysis was performed with all pore water
samples (Table 1). Based on the PLS, DOM molecular data variabil-
ity in relation to the environment was explained mainly by two
factors (Fig. 4). Factor 1 explained 51% of the environmental (X
loadings) and 21% of the molecular data (Y loadings) variability,
while factor 2 explained 12% and 21%, respectively. Pseudo repli-
cates were displayed closely together, indicating no significant
variability during sample handling (Figs. 5 and S2).
Factor 1 scaled with the phytodetritus proxies (% chl a, chl a,
phaeopigments, CPE) correlated with DOC and TDN and correlated
negatively with sediment and water depth (Fig. 4a and b),vironmental and molecular variability, respectively and factor 2 explaining 12% and
(b) passively displaying the evaluated molecular categories, ratios and indexes
t data, (c) sediment depth and (d) ice cover. Samples in the score plots are indicated
h variable (except for sediment depth); if fewer groups are displayed this indicates
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ings used in the VKD of factor 1 (Fig. 6a and b, Table S3) indicate
that phyto detritus input proxies, DOC and TDN (positive loadings
from Fig. 4b) were associated mainly with N-containing com-
pounds and the molecular categories of peptides, unsaturated
aliphatics-O-poor, -O-rich, and sat. fatty acids-CHOx formulae (all
with high H/C ratio, Fig. 6b). This is in agreement with the correla-
tion of these categories with DOC prior to PLS analysis (Fig. 3a–c).
The relationship of DOC, TDN and pigments with higher abundance
of formulae of peptides, unsaturated aliphatics and sat. fatty acids-
CHOx, is consistent with the association of these formulae with
decomposition of algal material and microbes in pore water
(Schmidt et al., 2011; Seidel et al., 2014) and the relationship of
pigment and protein concentration in the Arctic continental slope
(this study and Boetius and Damm, 1998). Therefore, these molec-
ular categories are likely products of microbial degradation of sea
ice algae and other sinking POM in the central Arctic.
Negative loadings of factor 1 (sediment and water depth in
Fig. 4b) were associated with highly unsaturated O-poor and O-
rich formulae (blue area in Fig. 6b, Table S3), in agreement with
a generally lower contribution of these categories to surface sedi-
ments, and at the ice margin (Table S2). These compounds were
also characterized by high AImodwa, DBEwa, MWwa and O/Cwa.
The increase in aromatic compounds (characterized by high AImod
and DBE) at the multiyear ice stations and at deeper sediment
depth (Figs. 4–6) is consistent with their association with OMFig. 6. VKD of H/C and O/C ratios using the PLS molecular loadings from Fig. 4. (a) H/C an
loadings and (d) VKD with factor 2 loadings on the z axis. Positive and negative loadin
interpretation of the references to color in this figure legend, the reader is referred to thdecomposition (Seidel et al., 2014). Furthermore, these com-
pounds, which commonly occur in river and coastal areas (e.g.
Stenson et al., 2003; Tremblay et al., 2007) may reach the deep Arc-
tic Ocean as POM transported with sea ice via the Transpolar Drift
(Rudels et al., 1996). Particulate matter is trapped during sea ice
formation on the Siberian shelves and transported across the Arctic
through Fram Strait, providing an additional contribution of OM to
the seafloor (Stein et al., 1994; Wassmann et al., 2004; Krumpen
et al., 2011). Eventually, this matter sinks out from melting ice,
sediments onto the seafloor and gets dissolved via benthic degra-
dation, contributing to the DOM pool. Based on experimental incu-
bation of DOC from the Yenisei river with its natural bacterial
community, the refractory nature of this material has been con-
firmed, with a DOC loss of <4% after several years (Köhler et al.,
2003). Hence, signals of the decomposition of POM derived from
riverine input may accumulate in the pore water very slowly, with
preservation on a much longer timescale than that of fresh marine
OM. Although marine OM degradation can also produce aromatic
compounds, a higher relative abundance of polyphenols has been
shown to be a clear indicator of terrigenous OM (Seidel et al.,
2015). Thus, the aromatic signal, represented mainly by polyphe-
nols, in the Arctic pore water, is likely dominated by allochthonous
OM sources.
MWwa and O/Cwa values also displayed a general increase from
surface sediment to 5–10 cm, with the latter generally higher at
the surface sediments of the multiyear ice stations (Tables S1d factor 1 loadings, (b) VKD with factor 1 loadings on the z axis, (c) H/C and factor 2
gs of z axis indicated by warm and cold colors on the color bar to the right. (For
e web version of this article.)
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related to decomposition of OM reported for pore water DOM
(Seidel et al., 2014) and in other studies where DOM was exposed
to degradation (Kim et al., 2006; Tremblay et al., 2007; Schmidt
et al., 2009; Rossel et al., 2013, 2015b; Seidel et al., 2014; Jessen,
2015). The specific cause of the increase remains unclear, but
may be related to the preferential preservation of terrigenous
DOM, as it has been shown that river DOM has higher O/C and
MW than marine pore water DOM (Schmidt et al., 2009). Neverthe-
less, the MW values from pore water were lower than those from
bottom water and reported for Atlantic deep water DOM
(Schmidt et al., 2009). In coastal sediments, MW values from pore
water were also lower than for Atlantic deep water DOM (Table 3
of Schmidt et al., 2009) and displayed a decrease with increasing
distance from the coast (Seidel et al., 2014).
The high contribution of terrigenous OM in the multiyear ice
stations is also indicated by a higher O/C at these stations
(0.46 ± 0.01) than at the ice margin (0.44 ± 0.03). However, these
O/C values are lower than those reported for continental slope
and shelf sediment pore water DOM (O/Cwa between 0.49 and
0.52; Schmidt et al., 2009), likely due to the distance of the stations
from the coast.
Factor 2 was influenced mainly by the environmental variable
ice cover (Fig. 4a and b), singling out multiyear ice station 9
(Fig. 5). Contrary to factor 2 negative loadings, positive loadings
(same direction as ice cover) were highly populated with formulae
(Fig. 4b) associated mainly with the categories highly unsaturated,
poly-O-poor, black carbon (BC-CHOx, BCP 15C and BC < 15C) and
poly-O-rich (Fig. 6c and red area of Fig. 6d; Tables S3 and S4). This
is in agreement with the significant contribution of formulae asso-
ciated with these categories at station 9 (Table S2). The high con-
tribution of aromatics at station 9 may suggest deposition and
diagenesis of ice rafted material via the transpolar drift, as dis-
cussed above (Table S2, Fig. 5d).4. Conclusions
In the ice-covered Arctic Ocean, OM input to the deep seafloor
at >3000 m water depth is influenced by both sedimentation of
primary produced material and by terrigenous deposits, presum-
ably with a substantial proportion originating from ice rafting
and melting (Klages et al., 2004; Stein and Macdonald, 2004). This
study shows for the first time that this is also reflected in the
molecular composition of DOM, with regional differences in the
deep Eurasian Arctic basins. The ice cover at the multiyear ice sta-
tions limits primary production and the subsequent export of OM
to the sediment, resulting in a pore water signal dominated by ter-
rigenous OM input (polyphenols and dissolved BC, indicated also
by higher AImodwa and DBEwa values). However, recent indications
of massive ice-algal falls from the melting Arctic sea ice may
change this signature in the future. Accordingly, present day ice
margin stations already show a stronger signature of phytodetrital
matter, as indicated by higher amounts of peptides, unsaturated
aliphatics-O-poor and -O-rich and sat. fatty acids-CHOx formulae,
indicated also by higher H/C ratio values.
According to the DOM profiles, the signal of primary production
transferred to the sediments via the biological pump is restricted
to pore water from sediments shallower than 5 cm, representing
the depth of mixing of recent phytodetritus supplied by bioturba-
tion and an avg. DOC diffusion time of 0.17 yr. Deeper sediments
do not reflect the signal of the surface, indicating a relatively fast
turnover of the deposited material from the past season primary
production. It remains to be further investigated if the observed
accumulation of DOM in near-surface sediment horizons is already
indicative of increasing primary productivity of the Arctic Oceandue to the retreating sea-ice cover. Differences in the DOM molec-
ular features between this and previous studies are attributed to
environmental characteristics and factors that influence DOM dis-
tribution in pore water. Coastal areas have been shown to respond
to gradients that varied with distance from the coast, while sedi-
ment depth had only a small influence on the variability (Seidel
et al., 2014). In the Arctic Ocean, pore water organic chemistry
reflects the low POM input from both marine and terrigenous mat-
ter, and both are influenced by ice cover variation and ice melting.
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